Abstract During recent years, water managers and water users in the Netherlands experienced water shortages in numerous streams. Besides low rainfall amounts and high temperatures, anthropogenic alterations to the groundwater system are also responsible for the reduced baseflow in streams. These alterations may reduce resilience and increase a risk to streams as more droughts are expected in the Netherlands due to climate change. We propose a methodology to assess the impact of groundwater-related alterations and climate change on baseflow and environmental flow needs (EFN). Application of this methodology for two sandy catchments showed that, under average meteorological conditions, baseflow in the main streams still meets the EFN requirements. During dry years, baseflow is probably insufficient in the upper parts of the catchments. Anthropogenic alterations show a significant impact: drainage caused 25-40% baseflow reduction, groundwater abstractions caused 5-28% and climate change will potentially cause an additional reduction of 33-70% by 2050.
INTRODUCTION
During recent years, meteorological droughts have become more frequent (Christensen et al. 2007 , IPCC 2012 , causing extreme or extended low-flow conditions of streams and rivers in regions with a temperate climate (e.g. northwest Europe, UK and USA). Additionally, for northwest Europe (e.g. the Netherlands), future climate change will probably imply longer drought periods interspersed with 562 Hydrological Sciences Journal -Journal des Sciences Hydrologiques, 59 (3-4) 2014 http://dx.doi.org/10. 1080/02626667.2014.892601 more frequent and intense rainfall events (Van den Hurk et al. 2006 ). This will affect groundwater through changes in recharge and, maybe primarily, through changes in irrigation demand (Taylor et al. 2012) . Besides meteorological droughts, anthropogenic alterations of the groundwater system can cause surface water shortage. Groundwater abstractions, artificial drainage and agricultural production affect streams that depend on their connectivity to groundwater for continuous baseflow (Acreman and Ferguson 2009) . A European-wide research assessment by Stahl et al. (2010) showed that low flows have decreased in most regions where the lowest mean monthly flow occurs in summer. As a result, ecological and chemical conditions of such streams may deteriorate or become at risk (Winter et al. 1998 , Feyen and Dankers 2009 , Poff and Zimmerman 2010 .
Restoration of degraded groundwater bodies is an opportunity for improvement of chemical and ecological conditions of streams, and for enhancing the resilience of streams during periods of climatic drought. Therefore, it is important to investigate how and to what extent the baseflow of a catchment can be positively influenced by anthropogenic alterations.
In the Netherlands, a country known for its temperate climate, with a long-standing average net rainfall surplus of approximately 300 mm year -1 , streams in catchments with sandy unconfined aquifers can deteriorate so as to be at the risk of failing both the environmental flow standards determined by local experts and the environmental objectives of the European Water Framework Directive (WFD). During recent years (2003, 2006, 2008 and 2011) , water boards in the Netherlands experienced water shortages and low-flow conditions, which affect both agriculture and (aquatic) ecology. This trend may persist because more frequent warm, dry summer periods are a possible outcome of future climate change for the Netherlands (Van den Hurk et al. 2006) . Small streams are most vulnerable in areas with thin aquifers and limited water inlet possibilities, where water demand for agriculture, drinking water and industrial production is high. Future projections for discharge in large rivers also indicate a decrease in summer periods due to climate change, thereby limiting the possibilities for surface water inlet from large rivers and increasing the dependency of Dutch water systems on rainfall and groundwater in the catchment (Klijn et al. 2012) . Currently, various water boards are taking measures, mostly in relation to local stream morphology, to improve the ecological status of surface water bodies in response to the WFD requirements (Verdonschot and Nijboer 2002, PBL 2008) . Potentially, this can have a positive effect on flow velocity and the water depth of streams. However, the effects of these restoration efforts can be seriously hampered if the status of groundwater bodies is too poor to allow sufficient baseflow during low-flow conditions.
Environmental flow needs (EFN) comprise the full dynamics of a surface water regime sustaining freshwater ecosystems and human livelihoods that depend on these ecosystems (Richter et al. 1997 , Dyson et al. 2003 . Baseflow is one of the components of the environmental flow of a stream and is, under natural conditions, mainly determined by meteorology and the hydrogeological characteristics of the catchment. Although on an annual basis groundwater baseflow generally constitutes a relatively small fraction of the total yearly discharge, it is the major contributor for maintaining sufficient water depth and streamflow velocity during dry periods (Hendriks and Van Ek 2009 , Van der Velde et al. 2009a , Kuijper et al. 2012 . Additionally, baseflow originating from deep seepage is mostly unpolluted by agricultural practices, and differs in chemical composition compared to overland flow and shallow interflow (Klijn and Witte 1999) . Therefore, the influx of groundwater during the growing season can be crucial for the maintenance of good chemical and ecological conditions in streams. Anthropogenic alterations to the water system, like groundwater abstraction (both large abstractions from deeper aquifers and spray irrigation from shallow aquifers), straightening of streams, increased drainage, increase in hard surfaces and increase of highly productive crops, can result in deterioration of groundwater bodies and baseflow reduction (Acreman and Ferguson 2009, Price 2011) . In previous assessments of the quantitative status of groundwater bodies with respect to surface waters, the focus was mainly on the effects of licensed groundwater abstractions (>20 m 3 d -1
) on baseflow (e.g. Henriksen et al. 2007, Ward and Fitzsimons 2008) .
Direct determination of baseflow decrease as a result of anthropogenic alterations to the groundwater system is difficult, due to scale and heterogeneity. First, baseflow is generally affected by anthropogenic alterations or measures that affect the groundwater conditions on the catchment scale. Therefore, an assessment of changes in baseflow should be carried out at the catchment scale rather than at the local scale. Furthermore, availability of a long time series of stream discharge is limited and discharge measurements recorded during the undisturbed situation are seldom available. Therefore, the effects of anthropogenic alterations and possibilities for baseflow restoration cannot be directly derived from existing information alone, but it requires some kind of model projection approach. Additionally, the effects of future changes and the sensitivity for climate change need to be assessed by model projection. Although some work has already been done, no generally accepted method has been established yet. In different countries, e.g. in the UK and Denmark, various basic methods have been used for precautionary assessments or nationwide screening purposes (e.g. Henriksen et al. 2007 , Ward and Fitzsimons 2008 , Acreman and Ferguson 2009 . However, there are no catchment-specific evaluations of baseflow reductions due to various anthropogenic stressors such as groundwater abstraction, artificial drainage and climate change impacts. In addition, no generally accepted threshold value for minimum baseflow or maximum baseflow reduction exists. In relation to the objectives of the WFD, it has been suggested that the threshold for significance is where >50% of the allowable surface water abstraction within the total upstream catchment can be attributed to groundwater (Blum et al. 2009 , EC 2009 ). However, no evidence has been given to support this value, and a methodology for quantification of the impact of such stream discharge reductions is mostly lacking.
The goal of our study was to present a methodology that quantifies the effects of past and future anthropogenic alterations and climate change on baseflow of streams. Additionally, our aim was to test if past, current and future baseflows satisfy EFN threshold values and to determine tolerable baseflow loss of streams in sandy catchments. To test the proposed method and to investigate the magnitude of the effects of anthropogenic alterations and climate change, modelling studies were carried out for two well-documented sandy catchments in the Netherlands: the Merkske catchment and the Hollandse Graven catchment (Fig. 1) .
METHODOLOGY AND CASE STUDY AREAS

General methodology
To assess the impact of anthropogenic alterations on baseflow and to determine the ecological status of the streams with respect to baseflow, the following steps were taken: First, information and data on the geohydrology, discharge regime, stream morphology, anthropogenic alterations and climate of the catchment were gathered. Next, EFN threshold values for baseflow were established, based on the methodology described below. Then, a geohydrological model was made and simulations were done for the past, undisturbed situation, for the current situation and for scenarios with various anthropogenic alterations. Additionally, various future scenarios including climate change prognoses and anthropogenic alterations were assessed with the geohydrological model in order to assess the baseflow in worst-case scenarios when the conditions of the groundwater body are further degraded. Finally, baseflow was calculated from all model runs at various scales (primary, secondary and tertiary streams). A subsequent comparison of the baseflow values from various model calculations and a comparison of modelled baseflow with the EFN threshold values provide: (a) an indication of the level of baseflow reduction due to alterations in the catchment; (b) the extent to which the groundwater body currently supports the surface water body in maintaining sufficient water depth and flow rate during dry periods; and (c) the relative effects of anthropogenic alterations on baseflow, compared to possible climate change effects (sensitivity analyses).
EFN threshold values for baseflow
With respect to EFN, threshold values for minimum flow rate and water depth are relevant hydrological (Table 1) . By combining this information with the information on the stream morphology, the baseflow (discharge) that is needed to sustain minimum flow velocity and water depth was determined for primary and secondary streams.
Geohydrological modelling
Like in most areas, no data were available from the undisturbed situation in our study catchments. Therefore, the groundwater conditions and discharge regime preceding anthropogenic alterations were estimated using a deterministic spatially distributed hydrogeological model. In the Netherlands, online coupled modelling tools have been developed and maintained to coherently model the interconnected hydrological system on the local to regional scale (e.g. the MIPWA instrument; Berendrecht et al. 2007 (Hendriks et al. 2013) . Baseflow was calculated as the Q95 value of the modelled daily discharge of primary and secondary streams. The Q95 value is the average of the stream discharge of the 7-day period with the lowest discharge of that year (Young et al. 2003, Ward and Fitzsimons 2008) .
Current and future climate in the Netherlands
Both the Merkske and the Hollandse Graven catchments are situated in a temperate marine climate zone with precipitation of 800-850 mm year -1
. In our case studies, the year 2005 had average meteorological conditions for the period 2000-2010, so it was taken as a reference year for the current climate Van Ek 2009, Kuijper et al. 2012) . For the Hollandse Graven catchment, 2003, which was very warm and dry (Ciais et al. 2005 , Kuijper et al. 2012 , was also used in the analyses. Climate transformations were made for 2050 and 2100, based on the "W+" climate projection of the Royal Netherlands Meteorological Institute (KNMI; Van den Hurk et al. 2006) . Out of the four equally likely climate scenarios determined by Van den Hurk et al. (2006) , this W+ projection represents the driest future climate, due to increased potential evaporation, In this study, we were interested in the effects of stream baseflow, which is most prominent in dry periods. Groundwater bodies, and hence baseflow, undergo deterioration when the climate becomes dryer (Leterme and Mallants 2012) . Therefore, the W+ climate projection was used in the analyses as a worst-case scenario for future groundwater and baseflow conditions. In order to generate daily climatic input data for our model, the KNMI tool for dynamic transformation of climate data series was used (Van den Hurk et al. 2006) . In Table 2 , information on temperature, precipitation and evaporation of the current and projected future climate have been summarized for both study areas.
Description of the Merkske catchment
The Merkske catchment is situated in the southern part of the Netherlands in the province of NoordBrabant on the border with Belgium and covers an area of approximately 60 km 2 (Table 3) The catchment-specific lower EFN threshold for baseflow was based on the requirements for minimum flow velocity and water depth of the WFD reference stream type and the hydromorphological characteristics of the primary, secondary and tertiary streams. The main stream of the Merkske catchment is, according to the Dutch classification of surface water bodies, classified as constantly slow-flowing headwater on sand (type R4). The main stream in the catchment has a width of 3-5 m, while secondary and tertiary streams have widths of 0.25-4 m. Accordingly, the minimum discharge (baseflow) that is needed to sustain minimum flow velocity and water depth was estimated at 1.8 × 10 -3 to 3.0 × 10 -3 m 3 s -1 in primary streams (main stream) and 1.2 × 10 -3 to 2.4 × 10 -3 m 3 s -1 in secondary streams. An overview of threshold values is given in Table 1 .
For this case study, daily stream discharge and baseflow in 2005 were determined using the spatially Table 4 . In order to determine total discharge in the main stream at the outlet of the catchment, total exfiltration of groundwater was summed for the whole catchment. To determine discharge in secondary streams, total exfiltration of groundwater was respectively summed for two sub-catchments (Fig. 3) .
Description of the Hollandse Graven catchment
The Hollandse Graven stream is part of the larger Dinkel catchment and covers a catchment area of approximately 62 km 2 (Table 3) . Discharge of the , while during dry summer periods, it reduces to 0.03 m 3 s -1 and less. In the summer of 2003, the stream became practically stagnant. Only the use of weirs prevented parts of the stream from falling dry (Kuijper et al. 2012) . The morphology of the area is characterized by the hill slopes of two clay-rich ice-pushed ridges. The main aquifer consists of a thin phreatic system of Pleistocene sands deposited on top of a thick, lowpermeability layer of moraines and marine sediments. On the hill slopes, the phreatic aquifer is relatively thin or absent. Baseflow originates mainly from tributaries discharging seepage from hill slope springs, some of which show continuous discharge, while 
irrigation abstraction drinking water abstraction streams and ditches sub-catchment 2 Fig. 3 Overview of all water courses and groundwater abstractions for drinking water and spray irrigation in and around the Merkske catchment. Sub-catchment areas used in the model simulations are also shown. others fall dry in summer months due to thin aquifers and intensive agricultural drainage. Additionally, year-round effluent of treated sewerage water contributes to the streams' baseflow (Fig. 3) . Nowadays the main land use is agriculture: pasture and corn. The groundwater-dependent natural areas are small and mainly connected to seepage zones around secondary or tertiary streams. Furthermore, the Hollandse Grave catchment includes the town Ootmarsum and some smaller villages (Kuijper et al. 2012) . The catchment-specific lower EFN threshold for baseflow was based on the requirements for minimum flow velocity and water depth of the WFD reference stream type, and the hydromorphological characteristics of the main stream. This main stream of the Hollandse Graven catchment is, according to the Dutch classification of surface water bodies, classified as continuously slow-flowing headwater on sand (type R4). The main stream in the catchment has a width of 5 m at the outlet. Accordingly, the minimum required discharge (baseflow) that is needed to sustain minimum flow velocity and water depth was estimated at 3 × 10 -3 m 3 s -1 ( Kuijper et al. 2007 Kuijper et al. , 2012 . A description of the WRD model is given in the Supplementary Material. Next, stream discharge and baseflow were modelled for various scenarios in which alternatively artificial drainage (tile drainage and ditches) and groundwater abstractions for spray irrigation were removed (Table 4) . Furthermore, two worst-case future scenarios were modelled, representing an average year (2005) and a dry year (2003) , under dryer conditions (KNMI W+ climate projection for 2050). In the future scenarios the current drainage situation was maintained, while spray irrigation was increased based on an increase of water shortage in the root zone. An overview of the model scenarios is listed in Table 4 . In this case study, baseflow was determined as the daily stream discharge that is exceeded 95% of the year (i.e. 347 days). This is a slight deviation from the standard Q95 value described above.
RESULTS
Merkske catchment
Model results of discharge in the main stream of the Merkske catchment were validated. Measurements of Fig. 5 (total catchment) and Fig. 6 (sub-catchments) . The model results showed that Q95 in the main stream decreased by 35-45% compared to the undisturbed situation. Baseflow reduced by 25-35% due to artificial drainage with tiles and manmade ditches. In addition, current groundwater abstractions cause a reduction in Q95 of approximately 10%, half of which is caused by spray irrigation during the summer. The effect of the large abstractions near the catchment is small, although the water is abstracted from the same aquifer that is underlying the Merkske catchment. The influence of the abstraction is confined to the area of the abstraction cone and therefore affects only a small part of the Merkske catchment. Additionally, because the aquifer that provides the groundwater is very thick (>200 m), the decrease in pressure head in the confined aquifer is limited. Sub-catchment 1 is affected relatively strongly by groundwater abstractions, due to the high concentration of abstractions for spray irrigation (Fig. 3) . Model scenarios of future developments showed further substantial decrease of baseflow. In the case of the climate change projections, Q95 is reduced by approximately 33% in 2050 (red line) and by approximately 44% in 2100 (blue line) at the catchment scale compared to the current situation (upper graph in Fig. 5 ). For sub-catchment 1 the impact of the climate scenarios is stronger than for sub-catchment 2. Future scenarios with increasing groundwater abstraction show a more or less linear Q95 reduction with increasing abstraction discharge at all scales (Fig. 6) .
According to the model results, the baseflow of the main stream in the Merkske catchment is currently sufficient to maintain the required EFN (Fig. 5) . However, the secondary streams showed Q95 values closer to the minimum EFN threshold values, especially in sub-catchment 1 (Fig. 6) . It can be observed that sub-catchment 1 has relatively low baseflow discharge compared to sub-catchment 2. Model results showed that, for the future scenarios (climate change and increased groundwater abstraction), the EFN threshold value for baseflow is crossed in sub-catchment 1. This sub-catchment is most vulnerable for baseflow reduction, as current Q95 levels are already close to the minimum EFN threshold values and show a stronger reduction in future scenarios.
Hollandse Graven
Model results of discharge in the main stream of the Hollandse Graven catchment were calibrated for groundwater levels and validated for stream ). This indicated that the ecological status required by the local water managers is seriously at risk in dry years.
CONCLUSIONS
Determination of EFN threshold values for baseflow is still under development. In this article, we proposed a method to derive and evaluate EFN threshold values for baseflow from minimum required flow velocity and minimum water depth, as determined in national implementations of Water Framework Directive (WFD) standards. The method, which comprises scenario analyses using detailed geohydrological models, has proven applicable and useful to determine the ecological status of streams with respect to baseflow. However, it was also found that environmental flow standards determined by local experts may be more ambitious than the environmental objectives from WFD standards, as local water managers take into account specific catchment characteristics, local knowledge and a combination of ecological and agricultural requirements.
Scenario analyses in two sandy catchments in the Netherlands according to the proposed method showed that anthropogenic alterations have had a significant impact on baseflow in slow-flowing streams in sandy catchments. This study has shown that, compared to the historic, undisturbed situation, baseflow has been reduced significantly. The current artificial drainage (tile drainage and ditches) caused 25-40% baseflow reduction, while groundwater abstractions caused a reduction of 5-28%. As a result, it could be concluded that the resilience of the studied catchments has decreased due to anthropogenic alterations made during previous centuries.
The reduced resilience of the water systems hampers the ability of the catchments to generate sufficient baseflow during dry periods and, as a result, the ecological status is likely to be increasingly at risk. In the case of climate change, for example, maintenance of baseflow for EFN might become increasingly difficult. The model results showed that the driest climate change projection (W+ scenario KNMI) will potentially cause a baseflow reduction of 33-70% in 2050 compared to the current situation.
Most vulnerable are streams in catchments or sub-catchments with thin aquifers, limited natural groundwater-surface water connectivity, low groundwater conductivity, or small surface areas. Our results are considered representative of sandy lowland catchments in different hydrogeological settings. These hydrogeological differences are reflected in baseflow characteristics. Catchments with thick aquifers, like the Merkske catchment, have a stronger resilience towards drought and anthropogenic alterations. They respond more slowly and are more robust under drought conditions. The Merkske catchment, with its thick semi-confined aquifer and gentle slopes, shows a relatively high baseflow under average meteorological conditions. In the Hollandse Graven catchment, the phreatic aquifer is underlain by a thick confining layer consisting of moraines and relatively steep hill slopes. These characteristics cause limited groundwater-surface water connectivity and result in a relatively low natural baseflow. Consequently, meteorological droughts and anthropogenic alterations have a larger impact on the water system of the Hollandse Graven catchment, resulting in larger baseflow reductions. Even within a catchment, hydrogeological differences exist that cause different baseflow responses to anthropogenic alterations and climate change. For example, in the Merkske catchment, areas with a relatively thin aquifer (sub-catchment 1) show a stronger decrease in baseflow due to groundwater abstractions and climate change than other sub-catchments.
DISCUSSION
Reliability and applicability of geohydrological models
Our results depend largely on the reliability of the model results for discharge during low-flow periods (baseflow). In the presented case studies, detailed MODFLOW models were available for both catchments with a temporal scale of days and a spatial scale of 25 m × 25 m grid cells. Groundwater recharge was calculated based on measured precipitation and evaporation, reference crop evapotranspiration, land use, inception and irrigation as a preprocessing step providing daily time series of recharge and evapotranspiration. It should be noted that this represents a simplification in model process description, since changes in groundwater level and feedbacks on evapotranspiration are not represented in the conceptual model. In these models a lot of effort was put into detailed schematization of the local drainage, in order to correctly simulate groundwater-surface water interaction and its nonlinear behaviour (Van de Velde and De Louw 2006 , Berendrecht et al. 2007 , Snepvangers et al. 2008 . Validation of the simulated discharge in the main streams of the Merkske model and the WRD model showed reasonable results. It may be observed that our models tend to underestimate peak flow and slightly overestimate low-flow conditions Van Ek 2009, Kuijper et al. 2012, Supplementary Material) . These differences between the modelled and measured discharge are mainly caused by the fact that the geohydrological models were not designed to simulate rapid discharge routes. Additionally, the geohydrological model assumes that all water that exfiltrates from the MODFLOW plots towards the surface water will contribute to the total discharge of the catchment. In reality it is more likely that a portion of this water will stall behind small barriers and depressions in the drainage system where it can re-infiltrate over time (Panday and Huyakorn 2004) . The description of dynamic interaction of overland flow with groundwater of water stalled behind barriers is thus not represented in the process description of the conceptual model. Furthermore, in the Hollandse Graven catchment, sewage water effluent is discharged into the main stream (Kuijper et al. 2012, Supplementary Material) . This surface water source is not included in the geohydrological model, but it can take up 100% of the total discharge during dry summer periods. As a result, measured discharge in the Hollandse Graven catchment can be high compared to simulated discharge. Finally, in small streams located in upland watersheds, streamflows are frequently below minimum recommended velocities for common streamgauging methods (Soupir et al. 2009 ). Therefore, low-flow measurements contain significant uncertainties that can easily lead to over-or under-estimations. Despite the limitations in the process description regarding groundwater recharge, evapotranspiration, overland flow and possible re-infiltration, and sewage water effluents, the reliability of the geohydrological models was considered sufficient for a catchmentbased assessment of baseflow changes caused by anthropogenic measures and climate change by scenario simulations using the geohydrological models.
Detailed geohydrological MODFLOW models require long calculation times, which hamper thorough sensitivity calculations and detailed uncertainty analysis. However, the amount of detail is essential for proper discharge simulations with a spatially distributed model (see Supplementary Material) . In previous studies, rainfall-runoff models were mostly used to analyse the effects of anthropogenic alterations and climate change on runoff and environmental flows (e.g. Young et al. 2003, Ward and Fitzsimons 2008) . However, such lumped rainfallrunoff models are not very well suited to assess groundwater-surface water interaction and effects of groundwater changes on runoff (Seibert et al. 2003 , Becker et al. 2004 , Smits and Hemker 2004 , Binley 2005 , Jolly and Rassam 2009 , Wanders et al. 2011 . A (semi-)lumped rainfall-runoff model that includes the nonlinearity of the groundwater-surface water groundwater dynamics (e.g. Van der Velde et al. Further validation of the results of our study, concerning the effects of current anthropogenic alterations in the catchments, by analysis of historical stream discharge data would strengthen our results. The limitations of the conceptual model regarding groundwater recharge and evapotranspiration could also be further analysed, and process descriptions with a more integrated hydrological model eventually tested (full coupling of saturated and unsaturated zone including overland flow). Unfortunately, discharge data series that go back before the 1980s are scarce. However, it will be useful to evaluate and analyse discharge and water level information that does exist for the first half of the 20th century. We suggest that this be done in a historical context, combined with information on stream morphology changes, anthropogenic alterations and land-use changes that took place during the last 100-150 years.
EFN threshold for baseflow too low
Our results show that the ecological statuses of the main streams in the case studies are not at risk when EFN threshold values based on Dutch WFD references are used. However, during a workshop with water managers, this minimum EFN threshold for baseflow was seriously questioned. Water managers found that, under current circumstances, baseflow in the main streams of the studied areas is too low for the assigned ecological and agricultural functions. For the Hollandse Graven catchment, local experts of water board Regge en Dinkel (WRD) established other minimum values for water depth and flow velocity (WRD 2010) . Based on these values, the minimum EFN threshold for baseflow is more than 10 times higher than the threshold based on Dutch WFD references, indicating that the ecological status of the main stream is indeed at risk.
The threshold values defined according to the Dutch implementation of the WFD are fairly generic and have been established based on different sources mainly in relatively undisturbed reference catchments (Van der Molen and Pot 2007, Samuels and Van Nispen 2008, Altenburg et al. 2012) . All surface water bodies classified as R4 (slow flowing streams) have the same threshold value for minimum flow velocity and water depth. In reality, the R4-type surface water bodies differ in size, shape and geohydrological setting. Therefore, it is reasonable to expect that local expert knowledge leads to different threshold values for a specific R4-type surface water body. However, it should be recognized by water managers that local threshold values can differ substantially from national precautionary thresholds. Moreover, it could be argued that WFD threshold values for EFN should be based on more locally based, precautionary assessments and that specifications should be given for a gradient of geohydrological situations, catchment sizes and level of anthropogenic alteration. For the two catchments in our analysis, local experts regarded the minimum hydrological threshold values based on Dutch WFD standards as large underestimations. Therefore, it may be valuable to reassess the hydrological boundary conditions through a broader inventory of ecological indicators in order to determine more realistic threshold values for environmental flows.
Recent research results showed that, for aquatic ecology in slowly flowing streams, besides thresholds for minimum and maximum flow velocity and water depth, a limited variation in flow velocity is important (Verdonschot et al. 2012) . Anthropogenic alterations, such as intensive drainage systems, straightened streams, artificial meanders and deepened stream beds, may affect both low-flow and high-flow events. Additionally, climate change affects peak flows and flow variability: the KNMI W+ climate projection includes an increase in extreme precipitation events, probably causing more frequent peak flow events in streams. We therefore suggest that the range of flow velocities in a stream should be examined in conjunction with catchment-wide sensitivity analyses of the impacts of the status of groundwater bodies and the effects of both anthropogenic measures and climate change on low flows.
Groundwater abstraction
In our case studies, most of the groundwater abstractions consisted of abstraction wells for spray irrigation. No large groundwater abstractions were positioned within the studied catchments. Acreman et al. (2000) have already stated that large groundwater abstractions have a detrimental effect on rivers and wetlands. Additionally, previous status assessments of groundwater bodies in Denmark (Fyn region) and Scotland (East Lothian area) showed that baseflow was reduced by 11% and 52%, respectively, due to groundwater abstractions (Henriksen Louw (2000) . Importantly, since spray irrigation occurs during growing seasons and summer periods, it mostly affects groundwater levels and stream discharge in these low-flow periods when water availability in streams is crucial for aquatic life.
Possibilities for climate adaptation
Our analyses showed that baseflow has been reduced significantly, and future model scenarios showed that in the worst-case climate scenario (KNMI W+ projection), with longer and more frequent dry summer periods, maintenance of baseflow for EFN may become increasingly difficult. Nevertheless, our modelling results also show that much can be done to counteract such effects of drought by improving groundwater conditions. In accordance with previous publications by Verdonschot and Nijboer (2002) and Verdonschot and Van den Hoorn (2010) , our research shows that such restoration should be realized through measures at the catchment scale rather than through local changes.
A significant increase in baseflow can be realized when all artificial drainage (tile drainage, small streams and ditches) is removed from the catchment. Such baseflow increase goes with an increase of groundwater levels. Hence, applying this measure will also increase the risk of crop damage for farmers due to increased soil humidity and an increase of floods in upstream parts of the catchment. Therefore, removal of artificial drainage probably cannot be applied as a standalone measure for whole catchments, but for example in combination with local networks of shallow, high-intensity tile drainage in agricultural areas.
Another adaptive measure is to stop spray irrigation from groundwater. Especially in dry years, the increased demand for irrigation water causes a significant effect on baseflow during summer periods. In areas with a thin aquifer, like the Hollandse Graven catchment, abandoning spray irrigation from groundwater potentially results in an increase in discharge of over 300% during summer periods in dry years. However, abandoning spray irrigation would require a change of agricultural practice, for instance a change to more drought resistant crop types. On the other hand, higher groundwater levels resulting from a decrease of artificial drainage might also reduce the need for spray irrigation.
In addition to the aspects assessed in this study, we recommend investigating additional measures for improvement of the groundwater conditions and baseflow reinforcement. Possibilities are improvement of soil structure to promote groundwater recharge, artificial groundwater recharge, land-use changes that reduce evapotranspiration and making artificiallydeepened streams shallower. Furthermore, we recommend starting catchment-scale pilot studies to investigate how to put measures into practice, and to monitor the impact of the measures on groundwater condition and baseflow. Important in this is the involvement of local stakeholders, since measures might affect agricultural productivity, and changes in land use could be required.
Until now, water managers have attempted to improve environmental flows of streams by altering local stream morphology (Verdonschot and Nijboer 2002, PBL 2008) . However, flow velocity and water depth are not only determined by the stream morphology, but are in principle determined by stream discharge. When, during dry periods, stream discharge is very low or absent due to deteriorated groundwater conditions, flow velocity and water depth will drop and aquatic ecology may become at risk. Our analysis shows that catchment-wide measures have the potential to significantly enhance stream discharge during dry periods (baseflow), thereby increasing flow velocity and water depth. Combining such catchment-scale improvements with local adjustments of stream morphology probably increases the chance for actual improvement of environmental flows. In previous large-scale projects, such restoration of stream ecosystem functioning through stream channel-valley coupling has proven to be successful (Toth 1995, Hill and Platts 1998) .
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